The major chelae of reproductive male crayfish contain both smooth and plumose setae and are used for the perception of female odors. A comparative and morphological analysis of setae found on the major chelae of reproductive (form I) and non-reproductive (form II) male crayfish, Orconectes rusticus was performed in order to elucidate the distribution and function of smooth and plumose setae. In particular, the distribution of setae between reproductive forms was quantified as well as putative sensory functions, based on morphological characteristics, for both smooth and plumose setae. To accomplish these goals, scanning electron microscopy, a porosity assay, anterograde labeling, and acetylated tubulin (AT) immunocytochemistry were used. We found that form I crayfish have significantly more pockets of sensory setae and individual smooth setae on their major chelae when compared to form II males. Scanning electron microscopy revealed a terminal apical pore-like structure in smooth setae that was absent in plumose setae. Congruent with this finding, smooth setae absorbed crystal violet stain and DiI which labeled putative neural fibers. Conversely, plumose setae did not show any crystal violet or DiI staining. Furthermore, smooth setae contain fiber-like processes that are AT-immunoreactive and are located below the chitinous exoskeleton of the chelae. These fibers extend from the base of the smooth setae to the pore-like structure located at the distal tip. AT-immunoreactive fibers were not present in plumose setae. These results imply that smooth setae on the major chelae are putative chemoreceptors and plumose setae may serve a mechanosensory function. Coupled with previous behavioral studies, these results suggest that a dimorphism in the major chelae, found between male reproductive forms, enhances sensory perception during reproductive behaviors.
INTRODUCTION
Crustaceans are covered with rigid exoskeletons and receive external sensory input through cuticular hair organs referred to as setae, located on sensory appendages (Laverack, 1988; Derby, 1989) . Setae are found over the entire surface of crustaceans, including the major chelae, and serve a wide range of mechano-and chemosensory functions (Felgenhauer and Abele, 1983; Watling, 1989) . In particular, the major chelae of crustaceans have been shown to contain both mechano-and chemosensitive setae and may contain cuspidate (also referred to as toothed, squat, or fringed setae), hemate, smooth and plumose setae (Shelton and Laverack, 1968, 1970; Thomas, 1970; Derby, 1982; Weissberg and Derby, 1995; Lavalli and Factor, 1995; Vogt and Tolley, 2004; Belanger and Moore, 2006) . Physiological studies on the major chelae of crayfish have indicated that the chelae have both mechano-and chemosensory neurons Hatt and Bauer, 1980; Altner et al., 1983) .
Several species of crayfish exhibit morphological differences in their major chelae between reproductive forms. Chelae in reproductive male crayfish are more robust in relation to their body size (Crocker and Barr, 1968; Stein, 1976) . Most studies on the major chelae of crayfish have focused on their mechanical function during reproduction (Stein, 1976; Stein et al., 1977; Sneddon, 1990; Keller and Hazlett, 1996) , although a recent study has shown that the major chelae are used to detect and discriminate female odors in reproductive (form I) male crayfish. Non-reproductive (form II) males do not show this ability (Belanger and Moore, 2006) . All of these findings suggest that the major chelae are important structures for mating (Stein, 1976; Keller and Hazlett, 1996; Belanger and Moore, 2006) . The goal of the present study is to complete a morphological and comparative analysis of the sensory setae found on the major chelae of form I and form II male crayfish, Orconectes rusticus (Girard, 1852) . A comparative analysis of the chelae of both reproductive forms will allow us to determine if there is a quantitative difference in the sensory setae between the two reproductive forms, ultimately providing a link between the morphology and reproductive behavior.
Numerous types of chemo-and mechanosensory setae have been morphologically described in decapod crustaceans. Chemosensory setae contain a terminal pore (Schmidt and Gnatzy, 1984) or thin cuticle at the distal tip when no pore is present (Tierney et al., 1986) and are permeable to water-soluble dyes (Slifer, 1960; Gleeson, 1982; Altner et al., 1983; Tierney et al., 1986; Cate and Derby, 2002a) . These sensory setae contain chemosensory dendrites found within the setae that extend along the length of the setae, reaching the pore or distal tip (McIver, 1975; Altner et al., 1983) and typically lack setules (Ball and Cowan, 1977) . Mechanosensory setae are mounted on a flexible membrane and have an abundant amount of setules, which increases their surface area and makes them sensitive to vibrations (Ball and Cowan, 1977; Felgenhauer and Abele, 1983; Crouau, 1981; Jacques, 1989; Watling, 1989) . Dendrites do not extend into the setae, but are located at the base of these setae and are attached to one side of the setae or the other (McIver, 1975; Ball and Cowan, 1977; Altner et al., 1983; Felgenhauer and Abele, 1983; Gill, 1986) . Taken together, chemosensory setae should contain a terminal pore and be permeable to dyes. They will be innervated with dendrites that extend to the terminal pore, while mechanosensory setae will not have these features. However, many types of setae are bimodal chemo-and mechanoreceptors and will contain a combination of the features present in both chemosensory and mechanosensory setae (Jacques, 1989) . Examining the internal and external morphology of the sensory setae of the major chelae allows us to determine putative sensory function.
The dorsal surface of the major chelae of male crayfish (O. rusticus) is lined with both smooth (or simple) and plumose setae arranged in discrete pockets (see Fig. 1 , Belanger and Moore, 2006) . In the crayfish Austropotamobius Fig. 1 . Scanning electron micrographs showing the dorsal surface of the major chelae of form I (A) and form II (B) male crayfish. The major chelae of crayfish have several pockets of sensory setae containing both smooth and plumose setae (boxed in A and B). A magnified representation of a pocket of sensory setae from the distal portion of major chelae (similar to the pocket highlighted in A), which contains smooth setae (s) in dense amounts (C). Setal pockets containing both smooth and plumose setae (p) are located in the proximal regions (similar to the pocket highlighted in B) of the dorsal surface of the major chelae (D). Scale bars: A, 350 lm; B, 350 lm; C, 100 lm; D, 100 lm.
pallipes (Lereboullet, 1858) , smooth setae are described as having a smooth outline with pointed tips and an apical terminal pore (Thomas, 1970) . Smooth setae have been previously demonstrated as having a bimodal chemo-and mechanosensory function in crayfish and other crustaceans (Weisbaum and Lavalli, 2004; Obermeier and Schmitz, 2004) . Plumose setae are feather-like, with long setules coming off the shaft in two opposite rows, and contain a smooth pointed tip (Thomas, 1970) . It has been shown that plumose setae of the antennules are non-innervated mechanoreceptors (Bender et al., 1984) . Previous behavioral studies using sensory blocking technique (Belanger and Moore, 2006) indicated that only the smooth and plumose setae were necessary for female odor recognition by male O. rusticus.
Several studies have shown that the antennular aesthetascs hairs of crustaceans are also important for peripheral perception of mate odors in crustaceans (Ameyaw-Akumfi and Hazlett, 1975; Gleeson, 1980; Tierney et al., 1984; Dunham and Oh, 1992; Kamio et al., 2005) . When the lateral antennules were removed from helmet crabs, Telmessus cheiragonus (Tilesius, 1812), response to a female odor source decreased significantly (Kamio et al., 2005) . In the crayfish O. propinquus (Girard, 1852) and Procambarus clarkii (Girard, 1852) , similar results were demonstrated (Ameyaw-Akumfi and Hazlett, 1975; Tierney et al., 1984; Dunham and Oh, 1992) . More recently, a study by Corotto et al. (1999) in crayfish (P. clarkii) did not find that the antennules are necessary for localization of females for the purpose of mating. When the crayfish had their antennules ablated, successful mating occurred in the same amount of time. Taken together, results of these studies and those obtained by Belanger and Moore (2006) suggest that chelae receptors may just provide additional chemical feed back necessary for discrimination and localization of a female odor source. Therefore understanding the morphology and distribution of sensory structures on the major chelae will be beneficial to the understanding of female odor source response and discrimination.
The aim of this study was three-fold. First, we quantified the number and spatial distribution of plumose and smooth setae on the major chelae of male crayfish, O. rusticus. Second, we performed a comparative analysis across the different reproductive forms (form I and II) to determine any changes in distribution with reproductive state. Finally, a series of morphological studies were performed to determine the putative sensory function of each seta type. Overall, this work will allow us to determine if there are any morphological differences in the major chelae of form I and II male O. rusticus that may account for the differences in chemosensory responses to female odors seen in previous behavioral studies (Belanger and Moore, 2006) .
MATERIALS AND METHODS

Crayfish Collection and Housing
Reproductive (form I) and non-reproductive (form II) male Orconectes rusticus were collected from the Portage River near Bowling Green State University in Bowling Green, Ohio, U.S.A. Intermolt male crayfish used in all imaging experiments were housed in population tanks in an environmental chamber (238C, 14 light: 10 dark). Crayfish were fed a diet of rabbit pellets three times per week. Imaging experiments were completed between September 2004 and October 2005. Scanning electron microscopy was completed between January and April 2005. Crayfish mass, carapace length, and chelae length (mean 6 SE) were measured for form I and form II males (form I À 16.76 6 1.17 g; 3.50 6 0.09 cm carapace length and 3.48 6 0.09 cm chelae length; form II À 13.46 6 2.01 g; 3.40 6 0.19 cm carapace length and 3.28 6 0.21 cm chelae length). For all imaging experiments, major chelae were dissected from the body of the crayfish after they were anesthetized in an ice bath for at least 30 min.
Form I and form II males were differentiated by examining their stylets (Crocker and Barr, 1968) . Form I males were identified as having relatively long white stylets that extend to the base of the second pereiopods. The stylets of form II males differ from form I males in that they were shorter, yellow colored, and less structurally defined.
Scanning Electron Microscopy
To examine the structure and sensory setae distribution on the dorsal surface of the major chelae, scanning electron microscopy was performed using a procedure modified from Cate and Derby (2002a, b) . After dissection, major chelae of crayfish, form I and II (N ¼ 5 of each form) were immediately placed in a sonicator containing 0.1 M phosphate buffered saline (PBS, pH 7.4) to remove debris from the chelae and sensory setae. After sonicating, chelae were fixed for at least 48 h in 2.5% gluteraldehyde/ 3% paraformaldehyde (PFA) in 0.1 M PBS. Following fixation, the chelae were rinsed for 10 min in 0.1 M PBS, post-fixed in 1% osmium tetroxide for 2 h, and rinsed again for 10 min with 0.1 M PBS. Following rinsing, chelae were dehydrated in a graded ethanol series (40-60-80-95-100-100-100%; 15 min each step) and stored for final drying in 100% ethanol. Drying was accomplished by submerging the chelae in a graded hexamethyldislizane (Electron Microscopy Sciences, Fort Washington, Pennsylvania) and ethanol series (Nation, 1983) . After the last change of hexamethyldislizane (100%) was complete, the tissue was allowed to airdry overnight. The major chelae were then mounted onto stubs with doublesided tape and graphite paint, sputter-coated with gold/palladium, and examined using a scanning electron microscope (Hitachi S-2700 SEM). Sensory setae counts were performed and images were captured.
Sensory Setae Quantification and Data Analysis
While examining video images of the major chelae on the scanning electron microscope, the pockets of sensory setae present on the dorsal surface were quantified, as well as the number of individual sensory setae contained within each of these pockets. On each chela, the number of setae pockets and individual sensory setae within the pockets were quantified from the distal tip of the chelae to where the proximal part of the biting edge ended. Dividing the total number of pockets by the length of each particular chela normalized the number of setae pockets counted. This was done because there are size differences in the chelae between reproductive forms (Crocker and Barr, 1968) and number of pockets is correlated with length (Belanger, personal observation). A t test was used to compare the overall number of setae pockets between forms I and II crayfish.
Smooth setae were identified as having a smooth outline with pointed tips and an apical terminal pore (Thomas, 1970) . Plumose setae were feather-like, with long setules (or wisps) coming off the shaft in two opposite rows, and contain a smooth pointed tip (Thomas, 1970) . After identification, smooth and plumose setae numbers were calculated by dividing the total number of each setae type by the length of each particular chela. Distal setae pockets were those defined as the first 20 pockets (or 10%) of sensory setae on the chelae because the dorsal, distal tip of the chelae is where odorants would be initially received (Hindley and Alexander, 1978; Solon and Cobb, 1980) . Additionally, Hindley and Alexander (1978) showed that the number of smooth (simple) setae became sparser proximally. The remaining pockets of sensory setae were classified as proximal. We used a 3-way ANOVA test (on normalized data) with a Tukey post hoc test was used to examine the independent variable sensory setae quantity (# setae/pocket/chelae length) with respect to the setae type and location on the major chelae (distal and proximal), as well as the quantity between reproductive forms (dependent variables).
Crystal Violet Staining
To evaluate the porosity of putative chemosensory structures on the major chelae of form I male crayfish, a modified technique of crystal violet staining was used (Slifer, 1960; Cate and Derby, 2002a) . Major chelae were fixed in 4% PFA in 0.1 M PB for at least 12 hours and rinsed in 0.1 M PBS for 10 min the next day. Debris was not removed from the chelae by sonication in order to prevent membrane and setae damage, which may lead to false positives (Thomas, 1970) . Chelae were coated with a solution of 0.3% filtered aqueous crystal violet (Becton Dickinson, Maryland) for 15 seconds using a syringe. After two 15 min rinses in distilled water, the major chelae were dried and cleared in xylene for 15 seconds. Smooth setae were examined for crystal violet uptake using a Leica (M2 FLIII; Leica Microsystems Inc., Bannockburn, Illinois) dissecting scope equipped with a Sony Ò Power HAD camera (New York, New York). Images were captured with Northern Eclipse 6 software (Empix Imaging, Inc., Mississauga, Ontario).
For better resolution and image quality, the thin fibrous plumose setae were photographed using a brightfield microscope. Because of poor contrast between the plumose setae and the chelae exoskeleton, it was necessary to use thick sections of chelae to examine these setae. After crystal violet staining (outlined above), sections through the chelae were made after the cuticle was softened by immersion in Decal Ò for at least 24 h (bone decalcifier, Decal Corporation, Tallman, New York). Following this, chelae tissue was cryoprotected, frozen, and sectioned at 50 lm on a transverse plane using a cryostat (Microm). Sections containing plumose setae were analyzed and photographed using an Axioskop 2 FS mot plus microscope (Carl Zeiss Canada Ltd., Toronto, Ontario) equipped with an RGB colour filter (Qimaging, Burnaby, British Columbia) and a QICAM fast cam 1394 (Qimaging).
Anterograde Tract Tracing
In order to determine whether DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) positive neural components were contained within the sensory setae, we used an anterograde labeling method successfully developed for neural staining in crustaceans by Bundy and Paffenhöfer (1993) . This study showed that neurons and their extensions into chemosensory setae could be identified using this technique since the exoskeleton of the setae is transparent. The presence of neural innervation along the setal shaft to the pore or distal tip is indicative of chemosensory setae (McIver, 1975; Altner et al., 1983) . DiI is a fluorescent lipophilic dye (excitation 549 nm, emission at 565 nm) that travels by lateral diffusion along the lipid membranes of the neurons.
A solution of DiI (Molecular Probes Eugene, Oregon) crystals was made by dissolving 1 mg of DiI crystal in 1 mL of 95% ethanol. The major chelae were removed from crayfish, rinsed in for 15 min 0.1M PBS, and immersed in the DiI solution for 30 min (adapted from Bundy and Paffenhöfer, 1993) . As in the porosity assay, chelae were not sonicated in order to prevent structural damage to the sensory setae (Thomas, 1970) and therefore debris may be present in the area of the setae pockets. After incubation in the DiI solution, chelae were again rinsed with 0.1 M PBS for 15 min prior to fixation in 4% PFA. Chelae were then incubated for 1 week in 4% PFA at 378C in the dark. A whole mount preparation was imaged using a Leica (M2 FLIII) dissecting scope equipped with a Sony Ò Power HAD camera (New York, New York) and a green fluorescence filter (Chroma 11002v2; Chroma Technology Corp, Rockingham, Vermont). Images were captured with Northern Eclipse 6 software (Empix Imaging, Inc., Mississauga, Ontario).
Acetylated Tubulin Immunocytochemistry
As in Belanger et al. (2003) acetylated tubulin (AT) immunocytochemistry was used to label microtubules contained within neural processes of sensory tissue. The antibody has high specificity and has been used as a marker to label neural components since tubulin is the major building block of microtubules contained within the nervous system (Siddiqui et al., 1989) . The major chelae of crayfish were removed from the body, cut into smaller pieces (; 7 mm 3 7 mm) in 0.1 M PBS using a scalpel, and fixed in 4% PFA overnight. Subsequently, they were rinsed for 10 min in 0.1 M PBS and the cuticle was softened in DecalÒ for at least 24 h. Chelae tissue was then washed for 10 min in 0.1 M PBS, frozen after cryoprotection using a sucrose gradient, and sectioned (25 lm) using a cryostat. All fluorescence immunocytochemistry was carried out using a protocol established by Belanger et al. (2003) . Chelae sections were immersed for 10 min in cold (48C ) 0.1 M PBS, post fixed in cold acetone, and then washed in cold 0.1 M PBS again. Following this procedure, the non-specific staining was blocked by placing the sections in 0.25 % normal horse serum in 0.1 M PBS for 20 min. Chelae tissue was then incubated in the primary monoclonal antibody against acetylated tubulin (antimouse acetylated tubulin 1:1000 in 0.4% triton 3 100 in 0.1 M PBS; Sigma, St. Louis, MO, USA) for 12 h at 48C. After incubation, sections were washed 3 times for 10 min each in cold 0.1 M PBS. An avidin/biotin blocking kit (Vector Labs, Burlingame, California) was used to prevent nonspecific staining. Avidin was applied for 10 min, followed by a 10-min rinse in 0.1 M PBS, and lastly biotin was applied to the sections for 10 min. Following the biotin application, chelae sections were rinsed for 10 min in 0.1 M PBS and treated for 2 h with a biotinylated secondary antibody (1:100; antimouse IgG; Vector Labs, Burlingame, California) at room temperature (;258C). For final visualization, Alexa 568 conjugated streptavidin (1:100; Molecular Probes, Eugene, Oregon, USA) was applied for 2 h in the dark at room temperature, washed 3 times for 10 min each in 0.1 M PBS, and mounted in Vectashield (Vector Labs, Burlingame, California). Negative controls were prepared similarly, however the primary antibody was not present in the preparation. Confocal microscopy (BioRad MRC 1024, Hercules, California) was used to obtain images.
RESULTS
Sensory Setae Density and Distribution Scanning electron micrographs of the dorsal surface of the major chelae of both reproductive (form I; Fig. 1A ) and nonreproductive male crayfish (form II; Fig. 1B) show that the dorsal surface of the major chelae is lined with discrete pockets of sensory setae (examples boxed in Figs. 1A and B respectively). Representative pockets from the distal portion of the major chelae have been shown to contain up to 35 smooth setae (Fig. 1C) . Pockets of sensory setae, located proximally on the chelae, contain a mix of both smooth and plumose setae (Fig. 1D) .
Quantification of Sensory Setae Pockets
After counting the pockets of sensory setae on the dorsal surface of the major chelae, form I males were found to have significantly more pockets of sensory setae than form II males (P , 0.01, t ¼ 3.46, d.f. ¼ 8, N ¼ 10; t test). Form I males have 57.97 6 1.03 pockets of sensory setae/chelae length (CL) (mean 6 SE) and form II males have 48.65 6 2.49 pockets of sensory setae/CL ( Fig. 2A) . Results of the 3-way ANOVA test showed that sensory setae quantity differed significantly with respect to form (F (1,32) ¼ 6.46, P , 0.05), location on the major chelae (F (1,32) ¼ 165.02, P , 0.0001), and sensory setae type (F (1,32) ¼29.58, P , 0.0001).
Quantification and Distribution of Smooth Setae
Dense pockets of predominantly smooth setae are found in significantly higher numbers distally on the major chelae of both form I (3.88 6 0.22 smooth setae per pocket/CL) and form II (2.60 6 0.29 smooth setae per pocket/CL) male crayfish (P , 0.001; 3-way ANOVA; Figs. 1C and 2B). Proximal pockets of sensory setae of form I males contained an average of 0.61 6 0.05 smooth setae per pocket/CL and form II males had 0.84 6 0.08 smooth setae per pocket/CL. Form I males have significantly more smooth setae on the distal part of their major chelae than form II males (P , 0.001; 3-way ANOVA). There was no difference in the number of smooth setae found proximally when form I and form II males were compared (P . 0.05; 3-way ANOVA; Fig. 2B ). These data reveal that discrete sensory setae pockets and individual smooth setae are more abundant in form I crayfish.
Quantification and Distribution of Plumose Setae
No significant difference was observed in the distribution and density of plumose setae either spatially or across reproductive form (P . 0.05; 3-way ANOVA; Fig. 2B ). Form I males had 1.55 6 1.10 plumose setae per pocket/CL distally, 1.28 6 0.09 plumose setae per pocket/CL proximally. Form II males had 1.56 6 0.11 plumose setae per pocket/CL distally and 1.32 6 0.07 plumose setae per pocket/CL proximally.
Spatial Comparison of Setae Types on the Major Chelae
Overall, smooth setae on the major chelae of male crayfish (form I and II) were more abundant distally (4.5:1; distal:proximal). Male crayfish contained over two times as many smooth setae on the distal portion of the major chelae than plumose setae (2.3:1; smooth setae distal:plumose setae distal). Plumose setae were evenly distributed across the major chelae (0.93:1; distal:proximal).
When reproductive forms were compared, form I males contained significantly more (P , 0.05; 3-way ANOVA; Fig. 2B ) smooth setae located distally than form II males (1.5:1; smooth setae FI: smooth setae FII). However, in the proximal region of the chelae, form I and II male crayfish contained similar amounts of smooth setae (0.73:1; smooth setae FI: smooth setae FII). Plumose setae were found in approximately equal abundance (P . 0.05; 3-way ANOVA; Fig. 2B ) when form I and II were compared (1:0.86 and 1:1.03; plumose setae:plumose setae, proximal, for form I and II respectively).
Evaluation of Porosity High-powered scanning electron micrographs of the distal tips of both smooth and plumose setae reveal that only smooth setae contain a terminal pore-like structure (sensu: Ball and Cowan, 1977; Hindley and Alexander, 1978; Felgenhauer and Abele, 1983; Altner et al., 1983; Jacques, 1989; Garm, 2004) (Fig. 3A) , while there was no terminal pore present in plumose setae (Fig. 3B) . A porosity assay utilizing crystal violet confirmed this. A light micrograph of smooth setae demonstrates that after exposure to crystal violet, smooth setae stained darkly in the distal end (arrows in Fig. 3C ) and the stain could not be removed by rinsing the cuticle. After 30 seconds, the proximal region of the smooth setae was also stained with crystal violet (data not shown). This indicates that the distal portion of each smooth seta may contain a pore that is permeable to water-soluble molecules. In contrast to smooth setae, plumose setae were crystal violet negative after treatment with the dye and clearing (Fig. 3D) . These results suggest that the distal portion of each smooth seta may allow chemical stimuli from the environment to enter the lymph cavity located within the sensory setae. Plumose setae do not allow watersoluble dyes to enter into the sensory setae.
Anterograde DiI Labeling Anterograde DiI labeling of putative neural processes within smooth setae of the major chelae occurred after immersion in a DiI solution and subsequent incubation. Liquid DiI diffused through the cuticle of the smooth setae and stained prominent dendrite-like fibers that extended from the base of the smooth setae to the distal tip just beneath the terminal pore region (Fig. 4A) . The bright fluorescence indicates the presence of neural innervation along the setal shaft to the distal tip; indicative of chemosensory setae (McIver, 1975; Altner et al., 1983) . Plumose setae did not take up the liquid DiI and dendrite-like structures were not seen along the length of the plumose setae (Fig. 4B) . After examination of the sensory setae, the exoskeleton of the chelae was dissected. Beneath the pockets of sensory setae, putative nerve fibers that were DiI positive were visualized (Fig. 4C) . Therefore, DiI filled the dendrite-like structures found along the length of the smooth setae, subsequently filling putative nerve fibers located beneath the exoskeleton, suggesting that smooth setae are putative chemosensory setae.
Acetylated Tubulin Immunocytochemistry
The use of antibodies against AT revealed that sensory setae on the major chelae are innervated with immunoreactive fibers. Sections through the major chelae revealed that putative nerve fibers which are located beneath the exoskeleton and were visualized using confocal micrographs representing collapsed stacks of optical sections. These nerve fibers originated from beneath the chitinous exoskeleton, ran through the exoskeleton into the proximal portion or base of Fig. 2 . Quantification and distribution of pockets of sensory setae and distribution of sensory setae on the major chelae (mean 6 SE). Form I males have significantly more pockets of sensory setae on the dorsal surface of their chelae when compared to form II male crayfish (A). Asterisks indicate significant differences. Also, there is a difference in sensory setae distribution. Form I and form II male crayfish have statistically more smooth setae located distally on their major chelae (B). Bars filled with a checkered pattern denote sensory setae located on the distal part of the major chelae, while white bars represent those found proximally for both smooth and plumose setae. Significant differences (P , 0.05) between setae numbers were denoted as a, b, c, and d. the sensory setae (Fig. 5A) . In longitudinal sections through smooth setae, AT immunoreactivity is prominent in the putative dendrites which extend from the base of the sensory setae to the distal tip of the setae just beneath the terminal pore (Fig. 5B) . AT immunoreactive dendrites were absent in plumose setae (Fig. 5C ). Taken together, this suggests that smooth setae are innervated along the length of the setae with dendritic structures, while plumose setae were negative for AT immunoreactivity in this region.
DISCUSSION
In this study, we found that form I males had more pockets of sensory setae, as well as more individual smooth setae on their major chelae compared to form II males. We also showed that there is a significant difference in the number and distribution of sensory setae types among reproductive forms, but the types of sensory setae found on the chelae of both forms are similar. We used different morphological techniques to determine the putative sensory role of these setae. Smooth setae were labeled as putative chemoreceptors because these setae contain an apical terminal pore-like structure, are permeable to water soluble dyes, contain dendrites which extend from beneath the exoskeleton, along the length of the setae, to the distal tip or terminal pore region. Plumose setae were identified as putative mechanosensory setae as they did not contain a terminal pore or dendrites located within the shaft of the setae and were not permeable.
Form I males have more smooth setae on their major chelae than form II males. Smooth setae are concentrated at Fig. 3 . Scanning electron micrographs of the distal tips of smooth (A) and plumose (B) setae. A close up of the distal tip of a smooth setae (A) reveals that each seta contains a terminal pore-like structure (arrow). No pore structure is visualized at the tip of the plumose setae (B). Congruent with this finding, a porosity assay demonstrates that smooth setae absorb and retain crystal violet dye (arrows in C) and are crystal violet positive (CVþ) when visualized using a whole mount preparation. Sections through the chelae reveal that plumose setae are crystal violet negative (CVÀ, circled in D). Scale bars: A, 4 lm. B, 5 lm; C, 100 lm; D, 100 lm.
the distal portion of the chelae of both form I and II males. This result is supported by Thomas (1970) who showed that smooth setae are widely distributed, but are particularly well developed on the distal corners of limb segments. Hindley and Alexander (1978) found that distally, the groups of smooth (simple) setae on the chelae of the banana prawn (Penaesus merguiensis) lie close together and contain up to 15 setae. They also found that the distribution of the groups became sparser proximally. In O. rusticus, distal setae pockets contained dense pockets of predominantly smooth setae, while proximal pockets contained considerably fewer smooth setae, evenly mixed with plumose setae (Fig. 1C and  D) . Because smooth setae are found in higher numbers distally on the chelae of form I males, we speculate that smooth setae may serve some sensory function related to reproduction.
Form I males have more pockets of sensory setae on their major chelae than form II males. We show that when a male molts into the reproductive form they increase the number of pockets of sensory setae found on the chelae. A reduction in sensory pockets on the major chelae in addition to changes in sensory hair abundance and distribution may be responsible for the differences in behavioral responses to female odors (Belanger and Moore, 2006) . Also, loss of the chelae or chelae function can affect mating success (Sekkelsten, 1988; Abello et al., 1994; Juanes and Smith, 1995; Keller and Hazlett, 1996) . If the ability to discriminate and locate female odors is more important during reproductive than non-reproductive periods, form I males should show an increase in the number of sensory setae and show differences in their distribution along the major chelae. Our findings support this prediction (Fig. 2) . In addition, distributions of smooth setae may allow the chelae to function as a multi-channel sense organ, providing information about a number of environmental variables (Solon and Cobb, 1980) . Plumose setae are found evenly distributed across the surface of the major chelae in both form I and II males. Plumose setae contain setules which function to increase the surface area of sensory appendages (Drach and Jacques, 1980) and may serve an important mechanosensory function (Bender et al., 1984) , important to both forms of crayfish.
External morphological features can be diagnostic of the sensory modality of setae found covering the rigid exoskeletons of crustaceans. Many types of setae have a combined chemo-mechanosensory function (Jacques, 1989) ; however, the presence of a pore and permeability to water-soluble dyes is indicative of chemosensory abilities (McIver, 1975; Mauchline et al., 1977; Altner et al., 1983; Schmidt and Gnatzy, 1984; Cate and Derby, 2002a; Schmidt and Derby, 2005) . Smooth setae have an apical terminal pore-like structure and appear to be permeable to external, water-soluble chemicals (Fig. 3A and C) . This evidence is Fig. 4 . Whole mount anterograde DiI labeling of setae found in pockets of sensory setae on the major chelae. Smooth setae are DiI positive and are stained along the length of the sensory setae (A), while plumose setae were DiI negative (B). The exoskeleton of the chelae was dissected and beneath the pockets of sensory setae are putative nerve fibers, which were also DiI positive (arrow in C). Scale bars: A, 100 lm. B, 70 lm; C, 100 lm. ! supported by Hindley and Alexander (1978) , who also found that simple (smooth) setae of banana prawns contained an apical terminal pore and are believed to have chemosensory abilities. Smooth setae readily take-up a crystal violet solution in a straw-like fashion (Fig. 3C) ; crystal violet travels in a distal to proximal path, indicating that the only point of entry is the terminal pore. This is similar to results found in other crustaceans (Gleeson, 1982; Altner et al., 1983; Tierney et al., 1986; Cate and Derby, 2002a) . Contrary to smooth setae, external morphological analysis of plumose setae did not reveal the presence of a terminal pore; they contain a smooth, pointed distal tip as reported previously by Thomas (1970) . Along with the absence of a terminal pore, plumose setae were not permeable to crystal violet and therefore may not be able to take-up odors found in their aquatic environment.
After immersion in DiI, fluorescently labeled dendritelike structures were found inside the setae, along the length of smooth setae. These structures extend from the base of the setae to the distal tip. Bundy and Paffenhöfer (1993) found that DiI intensely labels the chemosensitive aesthetascs of copepods when externally applied. DiI also labeled putative nerve fibers found beneath the exoskeleton and pockets of sensory setae of the chelae. Conversely, plumose setae were not labeled with DiI and are not innervated with dendrite-like structures. This result is supported by the fact that plumose setae have been shown to be non-innervated mechanoreceptors (Bender et al., 1984) . Setae, unlabeled using this technique, should be considered putative mechanosensory setae (Bundy and Paffenhöfer, 1993) .
Cross-sections through smooth setae contained AT immunoreactive processes that extended from under the exoskeleton to the tip of the sensory setae, just beneath the terminal pore region. Sensory setae dendrites are small and uniform and are packed with microtubules that extend the length of the hair to the pore (Ball and Cowan, 1977; Schmidt and Gnatzy, 1984) . Cross-sections through plumose setae did not reveal the presence of positively labeled fibers and were classified as non-innervated. These staining techniques, anterograde labeling with DiI and AT immunocytochemistry, provide strong evidence indicating that smooth setae contain putative chemosensory dendrites that extend the length of the setae to the terminal pore region. The presence of a pore and dendrites within the sensory setae offer the morphological criteria necessary for determination of chemosensory function (for review see McIver, 1975) . However, these setae may have other functions since electrophysiological recordings have shown that smooth (simple) setae are highly sensitive bimodal neurons with specific responses to vibration, deflection, bending, and chemical stimuli (Hatt, 1986; Garm et al., 2004) . The results presented in this study suggest that the major chelae of crayfish serve a chemosensory function that is related to the detection of reproductive odors (Belanger and Moore, 2006) and that the chemosensory function of the major chelae is dependent upon the reproductive form of the crayfish. The morphological results suggest that the smooth setae serve a putative chemosensory function and plumose setae are putative mechanoreceptors. It is possible that the smooth setae serve a bimodal function. Conclusions on sensory function are based on the finding that smooth setae have a terminal pore-like structure, are porous to water soluble dyes, and contain labeled dendrites that extend from beneath the exoskeleton to the distal tip of the setae, just below the terminal pore. Conversely, plumose setae were not shown to be porous or innervated. In addition, the number and distribution of sensory setae changes with reproductive state of the crayfish. Since the behavioral detection of reproductive odors change with reproductive form, the underlying mechanism for this behavioral change probably rests with the morphological changes outlined in this paper. Thus, the major chelae have an important function in the perception of female odors during reproduction and may provide additional chemical feed back necessary for discrimination of female stimuli. Chelae chemoreceptors may work in concert with antennular aesthetascs (Ameyaw-Akumfi and Hazlett, 1975; Tierney et al., 1984; Dunham and Oh, 1992) by providing important feed back information on the location and type of conspecific odor source. Future electrophysiological experiments examining differential responses of form I and II male O. rusticus major chelae to female odors will lead to a better understanding of peripheral processing of odorants.
